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ABSTRACT Two viral nonstructural proteins, p150 and p90, are expressed in rubella
virus (RUBV)-infected cells and mediate viral genome replication, presumably using
various host machineries. Molecular chaperones are critical host factors for the main-
tenance of cellular proteostasis, and certain viral proteins use this chaperone system.
The RUBV p150 and p90 proteins are generated from a precursor polyprotein, p200,
via processing by the protease activity of its p150 region. This processing is essential
for RUBV genome replication. Here we show that heat shock protein 90 (HSP90), a
molecular chaperone, is an important host factor for RUBV genome replication. The
treatment of RUBV-infected cells with the HSP90 inhibitors 17-allylamino-17-des-
methoxygeldanamycin (17-AAG) and ganetespib suppressed RUBV genome replication.
HSP90� physically interacted with p150, but not p90. Further analyses into the
mechanism of action of the HSP90 inhibitors revealed that HSP90 activity contrib-
utes to p150 functional integrity and promotes p200 processing. Collectively, our
data demonstrate that RUBV p150 is a client of the HSP90 molecular chaperone and
that HSP90 functions as a key host factor for RUBV replication.

IMPORTANCE Accumulating evidence indicates that RNA viruses use numerous host
factors during replication of their genomes. However, the host factors involved in ru-
bella virus (RUBV) genome replication are largely unknown. In this study, we demon-
strate that the HSP90 molecular chaperone is needed for the efficient replication of
the RUBV genome. Further, we reveal that HSP90 interacts with RUBV nonstructural
protein p150 and its precursor polyprotein, p200. HSP90 contributes to the stability
of p150 and the processing of p200 via its protease domain in the p150 region. We
conclude that the cellular molecular chaperone HSP90 is a key host factor for func-
tional maturation of nonstructural proteins for RUBV genome replication. These find-
ings provide novel insight into this host-virus interaction.

KEYWORDS HSP90, Matonaviridae, Togaviridae, alphavirus, genome replication, host
factor, rubella virus

Rubella virus (RUBV) is the causative agent of rubella, and humans are the only
natural host of this virus. The clinical symptoms of rubella are a fever, a maculo-

papular rash, and lymphadenopathy. Rubella is usually a mild disease, but it may cause
multiple organ defects known as congenital rubella syndrome (CRS) in babies born
from mothers who are infected with the virus at an early stage of pregnancy. Typical
complications of CRS are cataracts, deafness, and heart defects (1). Although highly safe
and effective vaccines are available for rubella, the immunization coverage is not
sufficient in many countries to prevent outbreaks of infection. Understanding of the
molecular mechanisms of RUBV infection is essential to unveil RUBV pathology.

In 2019, a new family, Matonaviridae, was created to include the genus Rubivirus,
which was removed from the family Togaviridae. RUBV is the sole member in the genus
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Rubivirus (1, 2). The rest of the genus Alphavirus in the Togaviridae family comprises
�30 viruses, including Sindbis virus (SINV), chikungunya virus (CHIKV), and Semliki
Forest virus, which are mainly maintained in arthropod vectors and mammals (3). RUBV
and togaviruses are enveloped, single-stranded, positive-sense RNA viruses with a
genome of �10 to 12 kb (3). Although RUBV differs greatly from alphaviruses in terms
of the nucleotide and amino acid sequences of the genome and viral proteins,
respectively, the genome organization of RUBV shows a certain similarity to the genome
organizations of the alphaviruses, and RUBV proteins have functional and structural
domains similar to those of alphavirus proteins (4). The RUBV genome encodes a
polyprotein, p200, which is a precursor of two nonstructural proteins (NSPs), p150 and
p90. These proteins are believed to have several enzymatic activities because they
share amino acid sequence homology with their counterparts in other positive-sense
RNA viruses. p150 possesses methyltransferase and protease motifs, while p90 contains
helicase and RNA-dependent RNA polymerase (RdRp) motifs (4–8). In fact, the protease
activity in the p150 region participates in the cleavage of p200, generating p150 and
p90 (9). The two cleaved proteins are considered to function in virus genome replica-
tion (1).

Heat shock protein 90 (HSP90) is one of the most evolutionarily conserved molecular
chaperones from bacteria to mammals. In mammals, there are four isoforms of HSP90.
Two isoforms are cytoplasmic HSP90s, one of which is the stress-inducible HSP90� and
the other of which is the constitutively expressed HSP90�; the third isoform is Grp94,
which is localized to the endoplasmic reticulum; and the fourth isoform is TRAP1, which
is a mitochondrial HSP90 (10). RUBV replicates in the cytoplasm, and thus, cytoplasmic
HSP90s are the focus of the present study. HSP90 contributes to the maintenance of
cellular proteostasis by promoting the proper folding and maturation of its client
proteins (11). Many essential factors in vital cellular processes, such as steroid hormone
receptors, protein kinases, and transcription factors, are HSP90 clients (12). Among this
variety of factors, HSP90 specifically recognizes clients with the aid of cochaperones
(13–15). HSP90 also leads clients to undergo proteasomal degradation, if the clients are
misfolded (16). A variety of DNA and RNA viruses are known to use HSP90 for the
proper folding and maturation of their viral proteins (17). For togaviruses, nsP4 of SINV
and nsP2, nsP3, and nsP4 of CHIKV have been shown to interact with cytoplasmic
HSP90s (18–20). It is clear that HSP90 activity is important for efficient CHIKV propa-
gation in vitro and in vivo, while the significance of HSP90 in SINV infection is still
unclear (19, 20).

In this study, we analyzed the role of HSP90 in RUBV infection. Our data demonstrate
that RUBV p150 is an HSP90 client and that HSP90 activity is essential for the functional
integrity of p150 and for genome replication.

RESULTS
HSP90 supports the genome replication of RUBV and SINV. Vero cells were

infected with RUBV and SINV at a multiplicity of infection (MOI) of 1.0. In RUBV infection
experiments, recombinant RUBV rHS-p150/AG1, which expresses p150 fused with the
humanized monomeric Azami green 1 (AG1) fluorescent protein, was used (21, 22). In
SINV infection experiments, the isolated MM2215 virus strain was used (23, 24). The
infected cells were cultured with various concentrations of 17-allylamino-17-desmeth-
oxygeldanamycin (17-AAG), an inhibitor of HSP90 activity (25). The infectivity titers of RUBV
and SINV released into the media were significantly decreased in a dose-dependent
manner (Fig. 1A and B), whereas cell viability was not reduced by 17-AAG at these
concentrations (Fig. 1C). The titer of RUBV was reduced by �100-fold at a concentration
of 2.5 �M. The titer of SINV was also reduced by �10,000-fold at a concentration of
2.5 �M. When the cells were cultured with ganetespib, another potent HSP90 inhibitor
(12, 26), RUBV infectivity titers were again decreased at nontoxic concentrations of
ganetespib (Fig. 1D and E). To further demonstrate the role of cytoplasmic HSP90s in
RUBV infection, RUBV production was assessed using A549 cells transfected with small
interfering RNAs (siRNAs) specific to HSP90� and HSP90� (Fig. 1F). A549 cells have
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FIG 1 HSP90 is required for efficient production of RUBV and SINV. (A) Vero cells were infected with RUBV at an
MOI of 1 and cultured for 72 h in various concentrations of 17-AAG. The infectivity titers in the media were
measured by FFA. (B) Vero cells were infected with SINV at an MOI of 1 and cultured for 18 h in various
concentrations of 17-AAG. The infectivity titers in the media were measured by a plaque assay. (C) Vero cells were
cultured for 72 h in media containing various concentrations of 17-AAG. After incubation, cell viability was
measured by an ATP-based assay and was expressed as a relative value. (D) Vero cells were infected with RUBV at
an MOI of 1 and cultured for 72 h in various concentrations of 17-AAG. The infectivity titers in the media were
measured by an FFA. (E) Vero cells were cultured for 72 h in media containing various concentrations of ganetespib.
After incubation, cell viability was measured by an ATP-based assay and was expressed as a relative value. (F)
Immunoblotting of HSP90� and HSP90� in each of four siRNA-transfected cells at 72 h posttransfection (p.t.) (lanes
�, untransfected cells; lanes ctrl, control siRNA-transfected cells; lanes #1 to #4, HSP90� or HSP90� siRNA-
transfected cells 1 to 4, respectively). (G) Experimental flow for the assays whose results are presented in panels H,
I, and J. (H) Immunoblotting of HSP90 in combination with HSP90� number 1 and HSP90� number 1 siRNA-
transfected cells (lane �, untransfected cells; lane ctrl, control siRNA-transfected cells; lane HSP90, HSP90� and
HSP90� siRNA-transfected cells). The bar graph shows the relative signal intensities of the HSP90-to-GAPDH signals.
(I) At 72 h p.t., the transfected cells were infected with RUBV at an MOI of 5 and were cultured for 48 h. After
incubation, the infectivity titers in the media were measured by an FFA. (J) The viability of the transfected cells at
72 h p.t. was measured by an ATP-based assay and was expressed as a relative value. (A to E and H to J) Data are
representative of those from three independent experiments. (F) Data are representative of those from two
independent experiments. (A to E and H to J). Mean values � standard deviations (SD) for triplicate wells are
shown, and the significant differences were determined by two-tailed t tests. *, P � 0.05; **, P � 0.01.
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successfully been used in previous siRNA experiments for RUBV infection (27). The
reduction in protein levels of HSP90� and HSP90� was assessed in the cells transfected
with individual siRNAs. Four individual siRNAs were used for both HSP90� and HSP90�.
The amount of HSP90� was decreased most effectively by the treatment of number 1
siRNA specific to HSP90� (Fig. 1F). The amount of HSP90� was also decreased most
effectively by the treatment of number 1 siRNA specific to HSP90� (Fig. 1F). In cells
treated with a combination of both number 1 siRNAs specific to HSP90� and HSP90�,
the total amount of cytoplasmic HSP90 was reduced by �85% (Fig. 1H), and the RUBV
titer released into the media was decreased by �100-fold (Fig. 1I). Under these
conditions, cell viability was reduced by only �10% (Fig. 1J).

Alphavirus nsPs, which are involved in genome replication, interact with two
cytoplasmic HSP90s, as previously demonstrated (18–20). The significance of HSP90
activity in viral genome replication was analyzed. To assess the levels of genome
replication in a single round of infection, viruses were allowed to enter the cells for only
1 h. After that, secondary infection was inhibited by NH4Cl throughout the experiment.
RUBV, like the togaviruses, enters cells via endocytosis and subsequent low-pH-
triggered membrane fusion (28–33). NH4Cl prevents endosomal acidification and thus
blocks viral entry (28, 29, 33). At the incubation phase (18 h and 4 h for RUBV and SINV,
respectively), the cells were cultured without 17-AAG (Fig. 2A and B) to initiate genome
replication. Then, at the evaluation phase, the cells were cultured in the absence or
presence of 2.5 �M 17-AAG (30 h and 14 h for RUBV and SINV, respectively). Treatment
with 17-AAG inhibited virus genome replication during the evaluation phase of both
RUBV and SINV (Fig. 2A and B). These data suggest that HSP90 activity supports virus
production and viral genome replication of both RUBV and SINV.

RUBV p150 and alphavirus nsP4 are HSP90 clients. The physical interaction
between HSP90 and nonstructural proteins (NSPs) of RUBV or the nsPs of SINV and

FIG 2 HSP90 activity is required for efficient genome replication of RUBV and SINV. (A) Vero cells were infected with
RUBV for 1 h. After washing, the cells were cultured for 18 h (incubation phase) with NH4Cl. Then, the cells were
cultured in the presence or absence of 2.5 �M 17-AAG for 30 h (evaluation phase) with 20 mM NH4Cl to block the
secondary infections. The viral genomic RNA and the host HPRT1 mRNA were quantified by real-time RT-PCR at the
indicated time points. The graph shows the viral genomic RNA copy numbers relative to those of HPRT1 mRNA.
(B) Vero cells were infected with SINV for 1 h. After washing, the cells were cultured for 4 h (incubation phase). Then,
the cells were cultured in the presence or absence of 2.5 �M 17-AAG for 14 h (evaluation phase). NH4Cl (20 mM)
was used to block secondary infections. The viral RNA and the host HPRT1 mRNA were quantified by real-time
RT-PCR at the indicated time points. The graph shows the viral RNA copy numbers relative to those of HPRT1
mRNA. (A, B) Data are representative of those from three independent experiments. Mean values � SD for four
wells are shown. The significant differences were determined by two-tailed t tests. **, P � 0.01.
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CHIKV was analyzed by coimmunoprecipitation assays (co-IPAs) using 293T cells, as
previously reported (20). The SINV and CHIKV nsP polyprotein nsP1-4 is sequentially
cleaved by its own protease activity in the nsP2 region into nsP1, nsP2, nsP3, and nsP4
(34, 35) (Fig. 3A). The RUBV NSP polyprotein p200 is cleaved by its own protease activity
into p150 and p90 (9) (Fig. 3B). The co-IPA showed that HSP90 was coimmunoprecipi-
tated with the nsP4 proteins of SINV and CHIKV (Fig. 3C and E). The nsP4 proteins of
SINV and CHIKV were also coimmunoprecipitated with HSP90, confirming the interac-
tion of HSP90 with the nsP4 proteins of SINV and CHIKV (Fig. 3D and F) (18, 20). Under
our experimental conditions, an interaction of HSP90� with nsP1, nsP2, or nsP3 of SINV
or CHIKV was not detected (Fig. 3C and E), although previous studies showed an
interaction between HSP90 and CHIKV nsP2 and nsP3 (19, 20). For RUBV, p150 and
p200C1152G, a protease-deficient mutant of p200, coimmunoprecipitated with HSP90�,
whereas p90 did not (Fig. 3G). Coprecipitation of HSP90 with p150 and p200C1152G was
also confirmed (Fig. 3H). Experiments using expression plasmids showed that the levels
of p150 protein were reduced by 17-AAG treatment in a dose-dependent manner,
whereas the levels of p90 and p200C1152G remained unchanged (Fig. 4A). Under these

FIG 3 HSP90 interacts with RUBV p150. (A) A schematic diagram of SINV and CHIKV nsPs. nsP1, nsP2, nsP3, and nsP4 were processed from the precursor
polyprotein, nsP1-4, by the viral protease (Pro), located in the nsP2 region. (B) A schematic diagram of RUBV NSPs. p150 and p90 were processed from the
precursor polyprotein, p200, by viral protease, located in the p150 region. (C and D) Co-IPA of FLAGHSP90� with SINV 3MycnsPs (C) and co-IPA of SINV 3MycnsP4
with FLAGHSP90� (D). (C) 293T cells were cotransfected with plasmids expressing FLAG-tagged HSP90� (FLAGHSP90�) and Myc-tagged SINV nsPs (SINV 3MycnsPs).
SINV 3MycnsPs were immunoprecipitated with anti-Myc MAb. Proteins in the total cell lysate (input) and in the immunoprecipitated (IP) complexes were detected
by immunoblotting using anti-FLAG, anti-Myc, and anti-GAPDH MAbs. (D) For immunoprecipitation with FLAGHSP90�, 293T cells were cotransfected with
plasmids expressing FLAGHSP90� and SINV 3MycnsP4. FLAGHSP90� was immunoprecipitated with an anti-FLAG MAb. Proteins in the total cell lysate (input) and
in the immunoprecipitated complexes were detected by immunoblotting using anti-FLAG, anti-Myc, and anti-GAPDH MAbs. (E and F) Co-IPA of FLAGHSP90�
with CHIKV 3MycnsPs (E) and co-IPA of CHIKV 3MycnsP4 with FLAGHSP90� (F). These co-IPA experiments were performed as described in the legend to panels C
and D using CHIKV 3MycnsPs instead of SINV 3MycnsPs. (G and H) Co-IPA of RUBV NSPs with FLAGHSP90� (G) and co-IPA of FLAGHSP90� with RUBV p200 or p150
(H). (G) 293T cells were cotransfected with plasmids expressing AG1-tagged NSP (AG1p200C1152G, AG1p150, or AG1p90) and FLAG-tagged FLAGHSP90�. FLAGHSP90�
was immunoprecipitated with an anti-FLAG M2 affinity gel, and the proteins in the total cell lysate (input) and in the immunoprecipitated complexes were
detected by immunoblotting using an anti-FLAG pAb, an anti-AG1 pAb, and an anti-GAPDH MAb. (H) For immunoprecipitation with AG1p200C1152G or AG1p150,
293T cells were transfected with plasmids expressing AG1-tagged NSP (AG1p200C1152G or AG1p150) and FLAGHSP90�. AG1p200C1152G or AG1p150 was immuno-
precipitated with an anti-AG1 pAb. Proteins in the total cell lysate (input) and in the immunoprecipitated complexes were detected by immunoblotting using
an anti-AG1 pAb, an anti-FLAG MAb, and an anti-GAPDH MAb. (C to H) Data are representative of those from three independent experiments.
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concentrations of 17-AAG, cell viability was not reduced (Fig. 4B). To assess the change
in stability of p150 following treatment with HSP90 inhibitors, a pulse-chase experiment
was performed. The p150 protein was rapidly decayed in the presence of 5.0 �M
17-AAG or 800 nM ganetespib (Fig. 4D and E). The p150 signal was decreased by �92%
after 6 h of treatment with 17-AAG, compared with 62% without 17-AAG treatment (Fig.
4D). A similar result was obtained following treatment with 800 nM ganetespib (Fig. 4E).
The p150 signal was decreased by �87% after 6 h of treatment with ganetespib,
compared with 68% without ganetespib treatment (Fig. 4E). The change in the stability
of SINV and CHIKV nsP4 with 17-AAG treatment was also assessed. The nsP4 signals of
both SINV and CHIKV were decreased by �95% after 6 h of 17-AAG treatment,
compared with �72% and �65% for the nsP4 signals of SINV and CHIKV, respectively,
without 17-AAG treatment (Fig. 4F and G). Under these concentrations of 17-AAG and
ganetespib treatment, cell viability was not affected (Fig. 4B and H). Collectively, these
data demonstrate that RUBV p150 and nsP4 of CHIKV and SINV are HSP90 clients,
because HSP90 physically interacts with these viral proteins and contributes to their
stability.

HSP90 is required for RUBV NSP processing. The dynamics of RUBV NSPs in
virus-infected cells were analyzed by a pulse-chase experiment. In this experiment,
recombinant RUBV possessing FLAG-tagged p150 (rHS-p150/3FLAG) was used. At 48 h
postinfection (p.i.), rHS-p150/3FLAG-infected cells were radiolabeled for 30 min and
incubated for 1 h in the absence or presence of 2.5 �M 17-AAG (Fig. 5A). p150 and p90
were immunoprecipitated and detected by an anti-FLAG mouse monoclonal antibody

FIG 4 HSP90 contributes to RUBV p150 stability. (A) Reduced protein levels of p150 by 17-AAG. 293T cells were transfected with plasmids expressing
FLAG-tagged NSPs (3FLAGp200C1152G, 3FLAGp150, or 3FLAGp90). After 24 h of incubation with various concentrations of 17-AAG, the protein amounts of
FLAG-tagged NSPs in the cells were analyzed by immunoblotting using an anti-FLAG MAb. GAPDH was detected using an anti-GAPDH MAb as an internal
control. (B) 293T cells were cultured for 48 h with the indicated concentrations of 17-AAG. After incubation, cell viability was measured by an ATP-based assay
and expressed as a relative value. Error bars indicate standard deviations. (C) Experimental flow for the assays whose results are presented in panels D, E, F,
and G. (D to G) Stability assay of RUBV p150 (D, E), SINV nsP4 (F), and CHIKV nsP4 (G) by pulse-chase experiments. 293T cells were transfected with plasmids
expressing RUBV 3FLAGp150 (D, E), SINV 3MycnsP4 (F), or CHIKV 3MycnsP4 (G). After 24 h of incubation, the cells were pulse-labeled with [35S]methionine and
cysteine (Met and Cys) for 30 min and incubated in the presence or absence of HSP90 inhibitors, 5.0 �M 17-AAG (D, F, G) or 800 nM ganetespib (E). The
17-AAG-treated cells were collected after 0, 2, 4, and 6 h of chasing, while the ganetespib-treated cells were collected after 0 and 6 h of chasing. The
pulse-labeled viral proteins in the cell lysate were immunoprecipitated using anti-FLAG or anti-Myc MAbs, subjected to SDS-PAGE, and detected on a Typhoon
FLA 7000 image analyzer. The bar graphs show the signal intensity of the viral proteins after 6 h of chasing with or without HSP90 inhibitors relative to the
viral protein signals before chasing (0 h). (H) 293T cells were cultured for 6 h with the indicated concentrations of ganetespib. After incubation, cell viability
was measured by an ATP-based assay and expressed as a relative value. (A, B, D to H) Data are representative of those from three independent experiments.
(B, H) Mean values � standard deviations (SD) for four wells are shown. (D to G) Mean values � SD for three wells are shown. Significant differences were
determined by two-tailed t tests. **, P � 0.01.
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FIG 5 HSP90 activity facilitates RUBV p200 processing. (A) A pulse-chase experiment in RUBV-infected cells.
Vero cells were infected with rHS-p150/3FLAG, which comprises a p150 protein fused with a 3FLAG tag.
After 48 h of incubation, the infected cells were pulse-labeled with [35S]Met and Cys with or without 2.5 �M
17-AAG for 30 min and incubated with or without 2.5 �M 17-AAG for 1 h. The pulse-labeled NSPs (p200,

(Continued on next page)
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(MAb) and p90-specific polyclonal antibody (pAb), respectively. The signals for both
p150 and p90 were decreased by 17-AAG treatment (Fig. 5A). The decreased level of
p150 could be attributed to the reduced stability of p150 (Fig. 4D and E). However,
these changes were observed concomitantly with the increased levels of the p200
signals (Fig. 5A). Therefore, our interpretation of these data was that HSP90 activity is
important for NSP processing. Both p90 and p150 were detected in these experiments
when either p90-specific or FLAG-specific (p150-specifc) antibodies were used, because
p90 and p150 interact with each other (36, 37). This hypothesis was also assessed by a
radiolabeling experiment using a p200 expression plasmid. 293T cells were transfected
with the p200 expression plasmid, and after 24 h of incubation, the cells were
radiolabeled and incubated for 30 min in various concentrations of 17-AAG or ganetespib
(Fig. 5B). The levels of p200 signals were increased by 17-AAG or ganetespib treatment,
while the levels of p150 signals were inversely decreased (Fig. 5C and D). Similar
experiments were performed for the nsPs of SINV and CHIKV using expression plasmids
encoding nsP2-3, a polyprotein of nsP2 and nsP3 (Fig. 5E and F). The levels of
unprocessed (nsP2-3) and processed (nsP2) signals of SINV and CHIKV were unchanged
by 17-AAG treatment (Fig. 5E and F). These data show that HSP90 activity is required
for RUBV NSP processing.

HSP90 is required for the filamentous distribution of RUBV p150. p150 is
distributed among filamentous structures in the cytoplasm (22, 38–40). When p200 was
expressed in cells, filament formation was also detected (Fig. 6A), because p200 is
processed into p150 and p90. The protease-deficient mutant of p200, p200C1152G, was
distributed in dots in the cytoplasm but not in filamentous structures (Fig. 6A). When
cells were treated with 2.5 �M 17-AAG, p150 no longer formed filamentous structures
and aggregated in the cytoplasm (Fig. 6A). Without 17-AAG treatment, p150 strongly
colocalized with actin fibers, forming a filamentous structure (Fig. 6B). This filamentous
structure disappeared and p150 no longer colocalized with actin when cells were
treated with 17-AAG (Fig. 6B). Vimentin intermediate filaments were partly colocalized
with p150-forming filamentous structures (Fig. 6C). This colocalization was also de-
creased by 17-AAG treatment (Fig. 6C).

DISCUSSION

In the present study, we investigated the role of HSP90 in RUBV replication. Our data
demonstrate that RUBV replicates poorly when HSP90 activity is inhibited by 17-AAG or
ganetespib. We conclude that RUBV p150 is a novel client of HSP90, because HSP90
physically interacts with p150 and is required for its stability.

17-AAG inhibits the activity of Grp94 and of cytoplasmic HSP90s (41–44). Ganetespib
also strongly inhibits the activity of cytoplasmic HSP90s; however, the inhibitory effect
on Grp94 and TRAP1 is unknown, although its binding to all four isoforms of HSP90 has
been demonstrated (12, 41, 45). In the present study, we focused only on the roles of
cytoplasmic HSP90s. This may be a limitation of this study. However, our data clearly
demonstrate that the cytoplasmic HSP90s play key roles in the RUBV life cycle, because

FIG 5 Legend (Continued)
p150, and p90) in the cell lysates were immunoprecipitated with an anti-FLAG MAb or an anti-RUBV p90
pAb, subjected to SDS-PAGE, and detected on a Typhoon FLA 7000 image analyzer. (B) Processing efficiency
of RUBV NSPs, SINV nsPs, and CHIKV nsPs, showing the experimental flow for the assays whose results are
presented in panels C, D, E, and F. (C to F) 293T cells were transfected with plasmids expressing RUBV
3FLAGp200 (C, D), SINV 3FLAGnsP2-33Myc (E), or CHIKV 3FLAGnsP2-33Myc (F). After 24 h of incubation, the
transfected cells were pulse-labeled with [35S]Met and Cys with various concentrations of 17-AAG (C, E, and
F) or ganetespib (D) for 30 min and lysed. The RUBV 3FLAGp200, SINV 3FLAGnsP2-33Myc, and CHIKV 3FLAGnsP2-
33Myc in the cell lysates were immunoprecipitated with an anti-FLAG MAb, subjected to SDS-PAGE, and
detected on a Typhoon FLA 7000 image analyzer. (A, C to F) Data are representative of those from three
independent experiments. (C, D) The left bar graphs show the relative signal intensity of 3FLAGp200. The
right bar graphs show the relative signal intensity of 3FLAGp150. (E, F) The left bar graphs show the relative
signal intensity of 3FLAGnsP2-33Myc. The right bar graphs show the relative signal intensity of 3FLAGnsP2. (C
to F) The bar graphs show the signal intensities of viral proteins relative to the nontreatment signals. Mean
values � standard deviations for three wells are shown. Significant differences were determined by
two-tailed t tests. *, P � 0.05; **, P � 0.01.
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the infectivity titers of RUBV were reduced by �100-fold following treatment with
HSP90� and HSP90� siRNAs. Our data demonstrate that p150 is a viral client protein of
HSP90. The RUBV p150 protein has a protease domain, which cleaves p200 into p150
and p90 in cis and trans (9, 46). Our data also demonstrate that the HSP90 inhibitors
prevent p200 processing. Since p200 cleavage is critical for RUBV genome replication
(46), this may be one of the main reasons why RUBV poorly produced infectious viruses
when cells were treated with HSP90 inhibitors. There are two possible reasons for this
miscleavage: one is the loss of the protease activities of p200 and p150 due to
misfolding of the protease domain located in the p150 region, and the other is a
structural change at the self-cleavage site of p200, such that it cannot be recognized by
its own protease domain. For most of our experiments, N-terminus-tagged viral pro-
teins and HSP90� were used. We cannot completely rule out the possibility that the
tags and the additional N-terminus methionine influence the properties of the proteins.
It is predicted that p150 additionally possesses methyltransferase activity (8). This
activity might be diminished by inhibition of HSP90, although it remained undeter-
mined in this study. In any case, nonfunctional p150 is the cause of NSP dysfunction,
resulting in a reduction in genome replication.

Under normal conditions, RUBV p150 is distributed among filamentous structures,
where cellular cytoskeletal actins and intermediate filaments are redistributed to form
structures with p150 (38, 40). Only p150 and not either p200 or p90 can be distributed
in these structures (39, 40). In this study, the filamentous distribution of p150 in
p200-expressing cells disappeared following 17-AAG treatment. The distribution was
not mediated by p200, since protease-deficient p200, p200C1152G, localized in dots or
aggregates in the cytoplasm. These data suggest that HSP90 supports the filamentous
distribution of p150 through p200 processing. The distribution of p150 was also
inhibited by the treatment, even when p150 was solely expressed in cells, suggesting
that HSP90 also contributes to the inherent intracellular localization of p150 cleaved

FIG 6 Alteration of the intracellular distribution of RUBV p150 by inhibiting HSP90 activity. (A) Intracellular distribution of RUBV AG1p200, AG1p200C1152G, and
AG1p150 in the presence or absence of 2.5 �M 17-AAG. Vero cells were transfected with plasmids expressing AG1-tagged NSPs (AG1p200, AG1p200C1152G, or
AG1p150). After 24 h of incubation with or without 2.5 �M 17-AAG, the cells were fixed and the nuclei were counterstained with DAPI (blue). The cellular
distributions of NSPs were analyzed by detecting the AG1 fluorescent signals under a confocal microscope. (Top) The intracellular distributions of NSPs in the
absence of 2.5 �M 17-AAG; (bottom) the intracellular distributions of NSPs in the presence of 17-AAG. (B and C) Distribution of p150 with cytoskeleton proteins.
(B) The actin (F actin) in AG1p150-expressing cells was stained with Alexa Fluor 594-conjugated phalloidin (red), and nuclei were counterstained with DAPI. (C)
The intermediate filament vimentin in AG1p150-expressing cells was stained with an anti-vimentin MAb and an Alexa Fluor 594-conjugated secondary antibody
(red), and nuclei were counterstained with DAPI. Pearson’s correlation coefficient values between p150 and cytoskeleton proteins were obtained by analyzing
10 cells in each sample. Error bars indicate standard deviations. Significant differences were determined by two-tailed t tests. ***, P � 0.001.
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from p200. The filamentous structures and cytoskeleton rearrangement with p150 were
no longer observed following 17-AAG treatment. This may suggest a structural abnor-
mality in p150 caused by misfolding. All our data suggest that without HSP90 activity,
the RUBV p200 protein fails to undergo cleavage into p150 and p90. Even when it is
cleaved, p150 is distributed aberrantly in cells and forced to undergo degradation or
aggregation.

17-AAG treatment had a greater effect on SINV propagation than on RUBV propa-
gation. In alphaviruses, nsP2, nsP3, and nsP4 of CHIKV and nsP4 of SINV interact with
cytoplasmic HSP90s (18–20) and HSP90 activity is required for efficient CHIKV propa-
gation in vitro and in vivo (20). The nsP4 proteins of both alphaviruses interacted with
cytoplasmic HSP90s, although the significance of the HSP90s for nsP4 is unclear. Our
data confirm that HSP90� interacts with nsP4 of CHIKV and SINV. Further, our data
reveal that the stability of nsP4 is reduced by 17-AAG treatment, suggesting that HSP90
activity contributes to the folding of nsP4. SINV nsP4 has an RdRp motif and acts as a
core component in the viral genome replication machinery (47–49). The translation
efficiency of SINV nsP4 is lower than that of the other nsPs, because nsP4 is translated
by readthrough of an opal termination codon at the end of nsP3 (50). Even when
translated, nsP4 is degraded rapidly by the N-end rule pathway (51). The underexpres-
sion of nsP4 was probably accelerated by the inhibition of HSP90 activity, and it could
be explained that 17-AAG treatment caused a severe reduction in the infectivity titers
in the media of SINV-infected cells. The nsP4 protein is highly conserved in the genus
Alphavirus (52), and thus, our findings and those of previous studies suggest that HSP90
participates in the folding and functionality of nsP4 in a variety of alphaviruses.

HSP90 possesses substrate specificity, and the specificity is determined by cochap-
erones which interact with HSP90 and client proteins (53, 54). In the case of protein
kinase clients, the CDC37 cochaperone interacts with certain kinases, and the com-
plexes are recruited into the HSP90 machinery via the interaction of CDC37 with HSP90
(55). In addition to client-recruiting roles, certain cochaperones regulate HSP90 chap-
erone activities by binding to a specific conformation of HSP90 (53, 56). Despite
accumulating evidence for the association of HSP90 with various viral proteins, our
understanding of cochaperones of viral proteins is limited (57–61). Further studies are
needed to clarify the detailed molecular mechanisms by which cochaperones recruit
viral proteins into the HSP90 machinery and regulate HSP90 activity to fold viral
proteins.

Viral client proteins are conserved to some extent among related virus family
members. P1 structural polyproteins, viral polymerase L proteins, and reverse trans-
criptase are clients of HSP90 in the families Picornaviridae (59), Paramyxoviridae (62–64),
and Hepadnaviridae (65, 66), respectively. We expect that the RUBV p90 protein
containing the RNA-dependent RNA polymerase (RdRp) domain is an HSP90 client,
because previous studies have shown that HSP90 interacts with the SINV and CHIKV
nsP4 proteins, which possess RdRp activity (18, 20). However, our data revealed that
p150, but not p90 possessing an RdRp motif, is a client of HSP90 for RUBV. The
alphavirus proteins which possess methyltransferase and protease domains are nsP1
and nsP2, respectively, but the interaction of HSP90 with nsP1 and nsP2 was not
detected in our study. These findings that viral client proteins of HSP90 differ between
RUBV and alphaviruses would be a good opportunity to discuss the new taxonomic
categorization of RUBV relative to alphaviruses based on their genetic and molecular
backgrounds.

MATERIALS AND METHODS
Chemical reagents and antibodies. 17-AAG and ganetespib were purchased from Focus Biomol-

ecules (Plymouth Meeting, PA, USA) and MedChem Express USA (Monmouth Junction, NJ, USA),
respectively. Anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase; clone 3H12) and anti-Myc
(My3) MAbs were purchased from MBL (Nagoya, Japan). Anti-HSP90� (Hyb-K41009), anti-HSP90�

(K3701), anti-HSP90�/� (3H3C27), anti-DYKDDDDK (FLAG) (1E6), and anti-vimentin (V9) MAbs were
purchased from StressMarq Bioscience (Victoria, Canada), Abcam (Cambridge, United Kingdom),
BioLegend (San Diego, CA, USA), Fujifilm Wako Pure Chemical (Tokyo, Japan), and Sigma-Aldrich (St.
Louis, MO, USA), respectively. Anti-Azami green 1 (anti-AG1) and anti-FLAG rabbit pAbs were purchased
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from MBL and Sigma-Aldrich, respectively. Anti-RUBV p150 pAb was a kind gift from T. Ahola (Institute
of Biotechnology, University of Helsinki, Helsinki, Finland). Anti-RUBV p90 rabbit pAb was prepared as
described previously (22).

Plasmids. A genomic infectious cDNA clone of the RVi/Hiroshima.JPN/01.03[1J] strain, pHS-p150/
AG1, was reported previously (22). pHS-p150/3FLAG was constructed by inserting a three-tandem-FLAG
(3FLAG) epitope sequence at the region encoding the amino acid region between positions 717 and 718.
Expression plasmids encoding either HS p200, p150, or p90 were constructed based on the pcDNA3.1�
vector (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). The AG1 gene or 3FLAG sequence was
added at the 5= terminus of the HS p200 gene (AG1p200 and 3FLAGp200, respectively). A plasmid encoding
AG1p150, 3FLAGp150, AG1p90, or 3FLAGp90 was constructed by replacing the HS p200 gene with the HS p150
or p90 gene. Expression plasmids encoding AG1p200C1152G and 3FLAGp200C1152G, which possess an
inactivate protease domain, were constructed by introducing a C1152G point mutation into the protease
catalytic dyad. Expression plasmids encoding the SINV and CHIKV nsP nsP1, nsP2, nsP3, or nsP4 or
polyprotein nsP2-3, which consists of only nsP2 and nsP3, were constructed based on pcDNA3.1�. The
cDNAs of SINV nsPs were obtained from a plasmid encoding the subgenomic replicon, pSinRep5 (67).
The cDNAs of CHIKV were generated from the genomic RNA of an SL11131 strain as previously described
(68). A three-tandem-Myc (3Myc) epitope sequence was added at the 5= terminus of all SINV and CHIKV
nsP genes (SINV 3MycnsP1, 3MycnsP2, 3MycnsP3, and 3MycnsP4 and CHIKV 3MycnsP1, 3MycnsP2, 3MycnsP3, and
3MycnsP4). The 3FLAG sequence was added at the 5= terminus of SINV nsP2-3, and the 3Myc sequence
was added at the 3= terminus (SINV 3FLAGnsP2-33Myc). CHIKV 3FLAGnsP2-33Myc was constructed using the
CHIKV nsP2-3 gene instead of the SINV nsP2-3 gene. An expression plasmid encoding HSP90� tagged
with a FLAG epitope at the 5= terminus (FLAGHSP90�) was constructed using the pcDNA3.1� vector
(Invitrogen/Thermo Fisher Scientific).

Cells and viruses. Vero, A549, and 293T cells were purchased from the American Type Culture
Collection (Manassas, VA, USA) and were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco/Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS) and antibiotics (100 U/ml
penicillin and 100 U/ml streptomycin). BHK cells (a preexisting stock) (69) were maintained in DMEM
supplemented with 5% FBS and antibiotics. RK13 cells were obtained from the Kitasato Institute and
were maintained in minimal essential medium (MEM; Nissui Pharmaceutical, Tokyo, Japan) supple-
mented with 8% bovine serum and antibiotics. The recombinant virus rHS-p150/AG1, expressing p150
tagged with AG1, was reported previously (22). The recombinant virus rHS-p150/3FLAG, expressing p150
tagged with the 3FLAG epitope, was recovered from the genomic infectious cDNA clone pHS-p150/
3FLAG. The MM2215 strain of SINV has been reported previously (23, 24). RUBV and SINV were
propagated in BHK cells.

Immunoblotting. Cells were washed with phosphate-buffered saline (PBS) twice and then lysed with
immunoprecipitation (IP) lysis buffer (125 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 5% glycerol,
cOmplete protease inhibitor cocktail [Sigma-Aldrich]). The cell debris was removed by centrifugation at
15,000 � g for 5 min at 4°C. Aliquots of the cell lysate were boiled with sodium dodecyl sulfate (SDS)
sample buffer for 5 min. Polypeptides in the samples were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) using 4% to 20% gradient SDS-PAGE gels (Fujifilm Wako Pure Chemical) and
electroblotted onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). After blocking
with 5% skim milk in Tris-buffered saline containing 0.5% Tween 20 (TBS-T), the membranes were
incubated overnight at 4°C with primary antibodies diluted in TBS-T containing 5% bovine serum
albumin. The membranes were then washed three times with TBS-T and incubated with horseradish
peroxidase-conjugated secondary antibody diluted with 5% skim milk in TBS-T for 2 h at room
temperature. After being washed, the membranes were treated with Signal West Femto maximum-
sensitivity substrate (Thermo Fisher Scientific), and the chemiluminescent signals on the membranes
were detected with an LAS-3000 luminescent image analyzer (Fujifilm, Tokyo, Japan).

Titration of RUBV and SINV stocks. The infectivity titers of RUBV in the stocks were determined by
a plaque assay using RK13 cells, as described previously (70). Those of SINV were determined by a plaque
assay using BHK cells, as reported previously (71). Their infectivity titers were expressed as the numbers
of PFU.

Analysis of the effect of HSP90 activity on virus production and genome replication. Vero cells
were inoculated with rHS-p150/AG1 or SINV at an MOI of 1.0. After 1 h of incubation at room
temperature, the cells were washed with serum-free DMEM twice and cultured with culture medium
containing various concentrations of 17-AAG or ganetespib. rHS-p150/AG1-infected cells were cultured
at 35°C for 72 h. SINV-infected cells were cultured at 37°C for 18 h. The infectivity titers of rHS-p150/AG1
were measured by a fluorescent focus-forming assay (FFA) as described previously (22). The infectivity
titers were expressed as the number of fluorescent focus-forming units (FFUs). The infectivity titers of
SINV were measured by a plaque assay as described above. For analysis of the effect of 17-AAG on virus
genome replication, Vero cells were infected with RUBV or SINV at an MOI of 1.0 for 1 h at 35°C and 37°C,
respectively. After washing with serum-free DMEM twice, the cells were cultured with medium contain-
ing 20 mM NH4Cl (DMEM-NH4Cl). NH4Cl was used to prevent secondary infection (28, 29, 33). For
RUBV-infected cells, the culture media were replaced with fresh DMEM-NH4Cl in the absence or presence
of 2.5 �M 17-AAG at 18 h p.i. Then, the cells were cultured for 30 h. For SINV-infected cells, the culture
media were replaced with fresh DMEM-NH4Cl in the absence or presence of 2.5 �M 17-AAG at 4 h p.i.
Then, the cells were cultured for 14 h. The total RNA was obtained from RUBV- or SINV-infected cells
using a CellAmp Direct RNA preparation kit for reverse transcription (RT)-PCR (TaKaRa Bio, Shiga, Japan),
according to the manufacturer’s instructions. The RT reaction was performed to generate the first-strand
cDNA from the total RNA using a PrimeScript RT reagent kit (TaKaRa Bio) with a combination of hexamer
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and oligo(dT) primers. Quantitative PCR was performed using a LightCycler 480 Probe Master instrument
(Roche Applied Science, Mannheim, Germany) together with Universal ProbeLibrary probes (Roche
Applied Science) or the TaqMan probe (ABI/Thermo Fisher Scientific), in accordance with the manufac-
turers’ instructions. The copy numbers of the RUBV genomic RNA and SINV genomic/subgenomic RNAs
were quantitated with a standard plasmid encoding the target sequence. The data were adjusted using
the hypoxanthine phosphoribosyltransferase 1 (HPRT1) mRNA level in the sample as an internal control.
The sets of primers and probes for RUBV, SINV, and HPRT1 were reported previously (22, 64, 72).

Analysis of the effects of HSP90 siRNA on RUBV production. All siRNAs were purchased from
Dharmacon (Cambridge, UK). A549 cells were transfected with siRNAs specific for HSP90� (catalog
numbers D-005186-01, D-005186-02, D-005186-03, D-005186-05 for HSP90� siRNA numbers 1 to 4,
respectively), and HSP90� (catalog numbers D-005187-01, D-005187-02, D-005187-05, and D-005187-18
for HSP90� siRNA numbers 1 to 4, respectively) or with control siRNAs (catalog number D-001210-01-05)
using the Lipofectamine RNAi Max reagent (Invitrogen/Thermo Fisher Scientific). After 72 h of incubation
at 37°C, the protein levels of HSP90 in the transfected cells were analyzed. The relative intensity of HSP90
was calculated using the signal intensity of GAPDH as an internal control. The transfected cells were
infected with rHS-p150/AG1 at an MOI of 5 at 72 h posttransfection (p.t.). After a 1-h incubation at room
temperature, the cells were washed with serum-free DMEM twice and then cultured with culture media
for 48 h at 35°C. The infectivity titers in the media were measured by an FFA.

Co-IPA. 293T cells were transfected with the plasmid expressing the SINV 3MycnsP1, -P2, -P3, or -P4
protein or the CHIKV 3MycnsP1, -P2, -P3, or -P4 protein, together with the FLAGHSP90� expression plasmid,
using branched polyethylenimine (PEI; Sigma-Aldrich). At 6 h p.t., the culture media were replaced with
fresh media and the transfected cells were incubated for 24 h at 37°C. Aliquots (5.0% of the total volume)
of the cell lysates were used for immunoblotting directly to show the amounts (input) of each protein
in the cells. The remaining samples were then preincubated with protein G Sepharose (GE Healthcare,
Buckinghamshire, United Kingdom) for 1 h at 4°C. The viral proteins in the samples were bound to an
anti-Myc MAb overnight at 4°C. The immune complexes were precipitated with protein G Sepharose for
2 h at 4°C. After being washed with TBS-T five times, the complexes were dissolved from the protein G
Sepharose by boiling with SDS sample buffer for 5 min. The FLAGHSP90� proteins that interacted with the
viral proteins were then analyzed by immunoblotting using anti-Myc, anti-FLAG, and anti-GAPDH MAbs.
293T cells transfected with SINV or CHIKV 3MycnsP4 together with FLAGHSP90� were also subjected to the
following experiments. After preparing the input sample, the remaining samples were preincubated with
mouse IgG-agarose (Sigma-Aldrich) for 60 min at 4°C. The FLAGHSP90� protein in each sample was
immunoprecipitated with an anti-FLAG M2 affinity gel (Sigma-Aldrich) for 2 h at 4°C. After being washed
with TBS-T five times, the proteins bound to the anti-FLAG M2 affinity gel were dissolved by boiling the
samples with SDS sample buffer for 5 min. The SINV and CHIKV 3MycnsP4 proteins that interacted with
FLAGHSP90� were then analyzed by immunoblotting using anti-Myc, anti-FLAG, and anti-GAPDH MAbs.
For analysis of the interaction of RUBV NSPs with HSP90�, 293T cells were transfected with plasmids
expressing RUBV NSPs (AG1p200C1152G, AG1p150, or AG1p90) together with the FLAGHSP90� expression
plasmid. At 6 h p.t., the culture media were replaced with fresh media and the transfected cells were
incubated for 24 h at 37°C. The cells were washed with PBS once and lysed with IP lysis buffer. The cell
debris was removed by centrifugation at 15,000 � g for 5 min at 4°C. Aliquots (5.0% of the total volume)
of the cell lysates were used for immunoblotting directly to reveal the amounts (input) of each protein
in the cells. The remaining samples were preincubated with mouse IgG-agarose (Sigma-Aldrich) for
60 min at 4°C. The FLAGHSP90� protein in each sample was immunoprecipitated with an anti-FLAG M2
affinity gel (Sigma-Aldrich) for 2 h at 4°C. After being washed with TBS-T five times, the proteins bound
to the anti-FLAG M2 affinity gel were dissolved by boiling the samples with SDS sample buffer for 5 min.
The viral proteins that interacted with FLAGHSP90� were then analyzed by immunoblotting using
anti-AG1 and anti-FLAG pAbs and anti-GAPDH MAb. 293T cells transfected with FLAGHSP90� together
with either AG1p200C1152G or AG1p150 were also subjected to the following experiments. After input
sample preparation, the remaining samples were preincubated with protein G Sepharose (GE Healthcare)
for 1 h at 4°C. The viral proteins in the samples were bound to an anti-AG1 pAb overnight at 4°C. The
immune complexes were precipitated with protein G Sepharose for 2 h at 4°C. After being washed with
TBS-T five times, the complexes were dissolved from protein G Sepharose by boiling with SDS sample
buffer for 5 min. The AG1p200C1152G and AG1p150 that interacted with the FLAGHSP90� proteins were then
analyzed by immunoblotting using anti-AG1 pAb and anti-FLAG and anti-GAPDH MAbs.

Analysis of the effect of HSP90 activity on the stability of RUBV NSPs and SINV and CHIKV
nsP4s. 293T cells were transfected with plasmids expressing RUBV NSPs (3FLAGp200C1152G, 3FLAGp150, or
3FLAGp90) using PEI. At 6 h p.t., the culture media were replaced with fresh culture media containing
various concentrations of 17-AAG, and the cells were cultured for 24 h. The proteins levels of RUBV NSPs
were analyzed by immunoblotting using anti-FLAG and anti-GAPDH MAbs. For pulse-chase analysis of
RUBV p150, 293T cells were transfected with the 3FLAGp150 expression plasmid. After a 24-h incubation
period, the cells were preincubated with cysteine- and methionine-depleted DMEM (Gibco/Thermo
Fisher Scientific) for 1 h and then pulse-labeled with [35S]methionine and cysteine using an EasyTag
Express35S protein labeling mix (PerkinElmer, Waltham, MA, USA) for 30 min. The pulse-labeled cells
were cultured with fresh culture media in the presence or absence of 5.0 �M 17-AAG or 800 nM
ganetespib. For pulse-chase analysis of SINV or CHIKV nsP4, 293T cells were transfected with the SINV or
CHIKV 3MycnsP4 expression plasmids. After a 24-h incubation period, the cells were preincubated with
cysteine- and methionine-depleted DMEM (Gibco/Thermo Fisher Scientific) for 1 h and then pulse-labeled
with [35S]methionine and cysteine using an EasyTag Express35S protein labeling mix (PerkinElmer) for 30 min.
The pulse-labeled cells were cultured with fresh culture media in the presence or absence of 5.0 �M
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17-AAG. Every 2 h, the cells were washed with PBS once and lysed with radioimmunoprecipitation assay
buffer (Thermo Fisher Scientific) containing cOmplete protease inhibitor cocktail. The cell lysates were
centrifuged at 15,000 � g for 1 h at 4°C, and the radiolabeled viral proteins in the supernatants were
immunoprecipitated using anti-FLAG or anti-Myc MAbs and protein G Sepharose. The immunoprecipi-
tated samples were subjected to SDS-PAGE, and the radiolabeled viral proteins in the samples were
visualized using a Typhoon FLA 7000 image analyzer (GE Healthcare).

Analysis of the effects of HSP90 inhibitors on NSP/nsP processing. For experiments involving
viruses, Vero cells were infected with rHS-p150/3FLAG at an MOI of 10. At 48 h p.i., the culture media
were replaced with cysteine- and methionine-depleted DMEM, and the cells were cultured for 1 h. Then,
the cells were pulse-labeled with [35S]methionine and cysteine with or without 2.5 �M 17-AAG for 30 min
and were cultured with fresh culture media and the same concentration of 17-AAG for 1 h. The
pulse-labeled NSPs in the samples were precipitated with an anti-FLAG MAb, an anti-RUBV p90 pAb, and
protein G Sepharose. The immunoprecipitated samples were subjected to SDS-PAGE and visualized as
described above. When using expression plasmids, 293T cells were transfected with plasmids expressing
RUBV 3FLAGp200, SINV 3FLAGnsP2-33Myc, or CHIKV 3FLAGnsP2-33Myc using PEI. At 24 h p.t., the cells were
incubated in cysteine- and methionine-depleted DMEM for 1 h. The cells were then pulse-labeled with
[35S]methionine and cysteine in various concentrations of 17-AAG or ganetespib for 30 min. The
pulse-labeled NSPs/nsPs in the samples were precipitated with an anti-FLAG MAb and protein G
Sepharose. The immunoprecipitated samples were subjected to SDS-PAGE and visualized as described
above.

Cell viability assay. The amounts of ATP in cells were measured as an indicator of cell viability using
a CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI, USA) and a Power Scan HT reader
(BioTek, Winooski, VT, USA), according to the manufacturer’s instructions.

Indirect immunofluorescent assay. Vero cells were transfected with the expression plasmid
AG1p200C1152G, AG1p200, or AG1p150 using the TransIT-LT1 transfection reagent (Mirus, Madison, WI, USA).
After 6 h p.t., the culture media were replaced with fresh media with or without 2.5 �M 17-AAG and the
cells were cultured for 24 h. After the 24-h incubation period, the cells were fixed with 4% paraformal-
dehyde in PBS and permeabilized with 0.5% Triton X-100 in PBS. The F actin in the cells was stained with
phalloidin conjugated with Alexa Fluor 594. The vimentin in the cells was immunostained with an
anti-vimentin MAb and an anti-mouse immunoglobulin secondary antibody conjugated with Alexa Fluor
594 (Molecular Probes/Thermo Fisher Scientific). The nuclei were counterstained with 4=,6-diamidino-2-
phenylindole (DAPI; Lonza Cologne GmbH, Walkersville, MD, USA). The stained cells were observed with
an FV1000D spectral-type confocal laser-scanning microscope (Olympus, Tokyo, Japan). Pearson’s cor-
relation coefficient values between p150 and F actin or vimentin were calculated using the Coloc2
plug-in from ImageJ software (National Institutes of Health, Bethesda, MD, USA).
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